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(54) X-ray bone densitometry 

(57) An x-ray bone densitometry system (30) in- 
cludes a table (50) having a movable support surface 
configured to support a patient, an x-ray source (52) and 
an x-ray detector (54) positioned on opposite sides of 
said support surface so that a patient positioned on the 
support surface is between the x-ray source (52) and 
the x-ray detector (54), the x-ray source (52) and the x- 
ray detector (54) being aligned in a fixed relationship 
relative to each other such that x-rays emitted from the 
source (52) impinge the x-ray detector (54), the x-rays 
that impinge the detector (54) producing dual energy 
scan data, a processor (38) coupled to the x-ray source 



(52), the x-ray detector (54) and the table (50) and con- 
figured to actuate movement of said support surface, to 
receive the dual energy scan data, to extract from the 
dual energy scan data, dual energy image data and sin- 
gle energy image data, and to store the dual energy and 
the single energy image data in respective data records 
for selective display, and at least one display (44) con- 
nected to the processor (38) for displaying the dual en- 
ergy and/or the single energy image data. Methods for 
display single energy and dual energy images on the 
display (44), and for determining the best scan paramet- 
ric values for the patient are also provided. 
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Description 

BACKGROUND 

5 The invention relates to x-ray systems and methods and more particularly to x-ray based bone densitometry sys- 

tems and methods and techniques useful at least in such systems and methods. 

X-rays or gamma-rays can be used to measure the density and distribution of bone in the human body in order to 
help health professionals assess and evaluate projected bone mineral density, which in turn can be used to monitor 
age-related bone loss that can be associated with diseases such as osteoporosis. Additionally or alternatively, similar 

jo procedures can be used to measure non-bone related body content such as body fat and muscle. In bone densitometry, 
a patient typically is placed on a table such that the patient's spine extends along the length of the tabie, along a 
direction that can be called the Y-axis in Cartesian coordinates. For a supine patient, the left and right sides are in a 
direction typically called the X-axis. A source at one side of the patient transmits radiation through the patient to a 
radiation detector at the other side. The source and the detector typically are mechanically linked by a structure, such 

is as a C-arm, to ensure their alignment along a source-detector axis which is transverse (typically perpendicular) to the 
Y-axis. Both x-ray tubes and isotopes have been used as a source of the radiation. In each case, the radiation from 
the source is collimated to a specific beam shape prior to reaching the patient to thereby restrict the field of x-ray or 
gamma radiation to the predetermined region of the patient opposite which are located the detectors. In the case of 
using x-rays, various beam shapes have been used in practice including fan beam, pencil beam and cone or pyramid 

20 beam shapes. When a fan beam is used, typically the beam conforms to a beam plane which is transverse (e.g., 
normal) to the Y-axis. Stated differently, the beam is wide in the plane and thin along the Y-axis. 

To properly detect the radiation from the source, the shape of the beam and the shape of the detector system 
correspond. The detector in a fan beam system typically is an elongated array of detector elements arranged along a 
line or an arc. By means'of mechanically moving the C-arm and/or moving the table, a region of interest in a patient 

25 on the table can be scanned with the radiation. Typical regions of analysis in bone densitometry include the spine, hip, 
forearm, and wrist, scanned individually They can be covered individually within a reasonable time by a fan beam that 
has a relatively narrow angle in a single pass or, alternatively, by a pencil beam scanning a raster pattern. Another 
analysis region is termed "oblique hip" in which the hip is viewed at an angle relative to the horizontal and vertical 
directions. Another analysis region is referred to as "whole body' in which the entire patient body is scanned and 

30 analyzed for bone density and possibly also for "body composition" or the percentages of fat and muscle in the body. 

X-ray bone densitometry systems have been made by the owner of this application under the tradenames 
QDR4500, QDR-2000+, QDR-2000, QDR-1500, QDR-1000plus, and QDR-1000. The following commonly owned U. 
S. patents pertain to such systems and are hereby incorporated by reference herein: 4,81 1 ,373, 4,947,41 4, 4,953, 1 89, 
5,040,199, 5,044,002; 5,054,048, 5,067,144, 5,070,519, 5,132,995 and 5, 148,455; and 4,986,273, Re. 34,511 and 

35 5,165,410 (each assigned on its face to Medical & Scientific Enterprises, Inc. but now commonly owned). 

Typically, currently used x-ray bone densitometry systems use a dual energy x-ray absorptiometry (DXA) method 
to measure bone density, as opposed to using, for example, a single energy scanning system. In systems using the 
DXA method, radiation data as two energies, or energy bands, is collected during a whole body scan of the patient or 
during a scan of a specific body region. The dual energy scan data is stored in memory and an image of the scanned 

40 region is generated and displayed. The resulting images are referred to as dual energy images. In single energy scan- 
ning systems a single energy or single energy band is detected, and the resulting images are referred to as single 
energy images. 

Dual and single energy images can have different characteristics. Dual energy images typically provide a bone 
image that is relatively free of artifacts from variation and movement in soft body tissue. On the other hand, typically 
45 the signal-to-noise ratio of single energy scanning systems is higher than the signal-to-noise ratio of currently used 
dual energy scanning systems. 

It would be desirable to have an x-ray based bone densitometry system which provides both dual energy and 
single energy images so that an operator can select which image to use under selected conditions. 

SO SUMMARY 

The present application relates to x-ray bone densitometry systems that selectively displays single energy images 
and dual energy images. This permits an operator to select which image to view or to toggle between the two images, 
for example, to improve the ability of the operator to recognize bone regions and accurately position the region of the 
55 patient on a patient table. 

In one embodiment, the system includes a table having a movable support surface configured to support a patient, 
an x-ray source and an x-ray detector capable of producing measurements at two energies (or bands) positioned on 
opposite sides of the support surface so that a patient positioned on said support surface is between the x-ray source 
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and the x-ray detector. The x-ray source and x-ray detector are aligned in a fixed relationship relative to each other 
such that x-rays emitted from the source impinge the x-ray detector. The x-rays that impinge the detector are defined 
as dual energy scan data. A processor is coupled to the x-ray source, the x-ray detector and the table and is configured 
to actuate movement of the support surface of the table and to receive the dual energy scan data from the detector. 

5 The processor then extracts dual energy image data and single energy image data from the dual energy scan data. 
The extracted single energy and dual energy image data are then stored in memory associated with the processor. 
Preferably, the single energy and dual energy image data are stored in individual data records that can be retrieved 
for selective display of the images. The system also includes a display that is connected to the processor and provided 
to display the dual energy or the single energy image selected by an operator. 

10 in another embodiment, the x-ray bone densitometry system includes a table having a patient support surface 

movable in a Y-direction and an X-direction. A C-arm is associated with the table and movable in the Y-direction. The 
C-arm is configured to support an x-ray source in opposition to an x-ray detector at opposite sides of the patient. The 
x-ray source emits high energy radiation having a fan beam of x-rays which at any one time irradiates a scan line that 
extends in the X-direction. The x-ray detector receives x-rays from the source within the angle of the fan beam after 

is passage thereof through at least a portion of the patient so as to generate dual energy scan data therefrom. A processor 
is coupled to the table and the C-arm and is configured to coordinate movement of the support surface of the table 
and the C-arm and to receive dual energy scan data from the detector. The processor extracts dual energy image data 
and single energy image data from the dual energy scan data, and, preferably, stores the dual energy and the single 
energy image data in respective data records. A display is connected to the processor to display the dual energy or 

20 the single energy image data selected by an operator. 

The present application also provides methods for selectively providing single energy x-ray image displays and 
dual energy x-ray image displays of a region of a patient. In one embodiment the method includes the steps of scanning 
a body region of a patient so as to obtain dual energy scan data. Once the scan data is obtained, single energy image 
data and dual energy image data are extracted from the dual energy scan data and the imaged data is stored in memory. 

25 Preferably, the single energy image data and the dual energy image data are stored in individual data records to permit 
selective display of each image on a monitor. 

The present invention also provides a method for positioning a patient on a patient table for subsequent bone 
density measurements. The method includes the steps of positioning a patient on a patient table between an x-ray 
source and an x-ray detector and scanning a body region of the patient so as to obtain dual energy scan data. Single 

30 energy image data can be extracted, and can be subjected to filtering to enhance certain image characteristics. After 
the image data for the dual energy and single energy images is obtained, the images can be selectively displayed on 
a monitor. Typically, an operator selects which image is displayed and can toggle between the two images. 

A method for assisting an operator of a bone densitometry system to determine the best scan parametric values 
for a particular patient is also provided. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the invention may be obtained from the following description when taken in 
conjunction with the drawings wherein: 

40 

Fig. 1 is a diagrammatic representation of major subsystems of an embodiment of the invention; 
Fig. 2 is a diagrammatic representation of mechanical subsystems of an embodiment of the invention; 
Fig. 2A is a front view of a diagrammatic representation of one of the motorized drive systems for the mechanical 
subsystems, and Fig. 2B is a top view thereof; 
45 Fig. 3A is an end-on view of a patient table and a C-arm of the embodiment of Fig. 2, in the position to perform a 

PA (posterior-anterior) spine measurement; 

Fig. 3B is an end-on view of the patient table and the C-arm of the embodiment of Fig. 2, in the position to perform 
a hip measurement; 

Fig. 3C is an end-on view of the patient table and the C-arm of the embodiment of Fig. 2, in the position to perform 
so a lateral spine measurement; 

Figs. 4A and 4B are side elevational diagrammatic representations of the relative scanning motions made by the 
mechanical subsystems of an embodiment of the present invention and an equivalent motion thereof, respectively, 
when performing a whole-body scan; 

Figs. 5A, 5B and 5C are representations of x-ray fan beam coverage of a patient for whole body measurement, 
55 illustrating the use of a wide fan beam made up or three passes or scans and involving notional rotation of an x- 

ray tube around the focal spot from which it emits x-rays; 

Figs. 6A, 6B and 6C are end-on views of a preferred embodiment of the invention for whole-body measurement 
showing the C-arm/patient table positioning for three measurement passes or scans; 
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Figs. 7 A and 7B depict the relationship between the x-ray source and patient table position tor two measurement 
passes in accordance with an embodiment of the invention; 

Fig. 8 depicts the relationship between the x-ray source and the patient table for an oblique hip measurement in 
which the x-ray beam is angled relative to the patient in a manner similar to that illustrated in Figs. 6A and 6B; 
5 Fig. 9 is a schematic axial view of a coaxial x-ray modulator of the present invention, shown in partial cross section; 

Fig. 10 is a schematic radial view of the x-ray modulator of Fig. 9, shown in a single-drum configuration; 
Fig. 11 is a schematic radial view of the x-ray modulator of Fig. 9, shown in a dual-drum configuration; 
Figs. 12A-12F show respectively the six rotational combinations of x-ray modulators which may be utilized in the 
present invention; 

10 Fig. 13 is a controller block diagram for the x-ray modulator of Fig. 9; 

Fig. 14 is a timing diagram for the dual-drum x-ray modulator of Figs. 9 and 11; 

Fig. 15 is a schematic perspective view of an attenuator selection and positioning mechanism of the present in- 
vention mounted in the examination table unit of the present invention; 

Fig. 16 is a detailed schematic perspective view of the attenuator selection and positioning mechanism of Fig. 1 5; 
is Fig. 17 is a schematic perspective view of an optical crosshair line generating laser positioning aide of the present 

invention mounted in the examination table unit of the present invention; 

Fig. 18 is a detailed schematic perspective view of the optical crosshair line generating laser positioning aide of 
Fig. 17; 

Fig. 19 is a perspective schematic view of a forearm positioning aide of the present invention; 
20 Fig. 20 is a an elevational view of the forearm positioning aide of Fig. 19, with a patient's arm positioned therein; 

Fig. 21 is a plan view of the forearm positioning aide of Fig. 20; 

Fig. 22 is a perspective view of a spinal positioning aide of the present invention; 

Fig. 23 is an elevational view of the positioning aide of Fig. 22, with a patient positioned thereon; 

Fig. 24 is a block diagram illustrating electrical and electronic systems of an embodiment of the invention; 
25 Fig. 25 is a flow diagram for dual energy and single energy image extraction according to the present invention; and 

Fig. 26 is a flow diagram for a method of determining the best scan parametric values according to an x-ray thick- 
ness of a particular patient according to the present invention. 

DETAILED DESCRIPTION 

30 

Scanning System Overview 

Referring to Fig. 1 , a scanning system 30 includes an examination table unit 32 comprising a patient table 50 and 
a C-arm 56 serving as a source-detector support. Examination table unit 32 contains electromechanical components, 

35 control systems and other components involved in performing a patient scan and acquiring scan data. Scanning system 
30 also includes a workstation 34 which controls the examination table unit 32 and C-arm 56 and processes scan data 
into forms more useful for diagnostic purposes, such as into patient images and reports. Workstation 34 includes a 
system power supply module 36, a host computer 38 which has a floppy diskette drive recording device 40, an operator 
console keyboard 42, and a display monitor 44, and can include an optional printer 46. 

40 Referring to Figs. 2, 2A, 2B, 3A, 3B, 3C, 4Aand 4B, a patient 48 can lie in the supine position during scanning on 

patient table 50. X-rays from an x-ray source 52 located beneath table 50 pass through patient 48 and are received 
by a detector 54 having an array of detector elements located above patient 48. Each detector element responds to 
x-rays at respective angular positions within a fan beam of x-rays. Both x-ray source 52 and detector 54 are supported 
on C-arm 56 which maintains a selected source-to-detector distance and alignment. In this example of the invention, 

45 x-ray source 52 has a stationary anode, and is a dual-energy (DE) pulse system that is synchronized to the alternating 
current system power source. 

A slit collimator 58 is between source 52 and patient 48. Collimator 58 has one or more selectable slits machined 
or otherwise formed to allow the passage of x-rays through a slit from source 52 to patient 48, and is made of an x- 
ray opaque material, such as lead or tungsten, of sufficient thickness to substantially block the passage of x-rays 

so through portions of the collimator other than the slits. For example, collimator 58 has a 1 mm wide collimator slit posi- 
tioned an appropriate distance from the focal spot in source 52 and suitably aligned therewith. The x-ray radiation from 
x-ray source 52 passes through the slit in the collimator 58 and forms a fan shaped beam of x-rays 3a. The angle 
subtended by beam 3a and the distance between its origin at the focal spot of the x-ray tube and patient 48 are selected 
such that beam 3a would not cover the entire cross-section of a typical adult patient at any one time but would cover 

55 only a selected portion of that width. Collimator 58 can have several slits which are differently dimensioned and/or 
shaped, and can be provided with a mechanism for aligning any selected one of the several slits with source 52 and 
detector 54 to thereby select a desired shape for x-ray beam 3a. For example, each slit can be long- along the X-axis 
and narrow along the Y-axis, the several slits can be in a row extending along the Y-axis, and the collimator with such 
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slits can be moved along the Y-axis to align a selected one of the slits with the source and detector. In an alternative 
embodiment, collimator 58 can comprise a pair of x-ray opaque plates spaced from each other along the Y-axis to 
allow the passage of x-rays between them and thus to define the dimension of fan beam 3a along the Y-axis, and 
another pair of x-ray opaque plates spaced from each other to allow the passage of x-rays between them and thus to 

s define the dimension of fan beam 3a along the X-axis. The two pairs of collimator plates are coupled with a control 
mechanism to selectively move them as required along the X-axis and the Y-axis to increase or decrease the dimension 
of fan beam 3a along the X-axis and/or the Y-axis. Fan beam 3a can have a fan angle of 22 degrees, whereas a fan 
angle of, for example, 65 degrees may be required to completely cover patient 48 for whole body analysis. Of course, 
x-ray beam 3a not only has width (along the X-axis illustrated in the Figures) but also has a thickness along the Y-axis 

10 that is defined by the width of the slit in collimator 58 (which can be, e.g., 1 mm) and distance from the origin of beam 
3a. A scan line is defined by the portion of the patient imaged at any one time with fan beam 3a with detector 54, i.e. 
the width and thickness of the x-ray beam over which data is collected at one point in time. While the term scan line 
is used, it should be clear than this "line 1 * in fact is a rectangle that has both a width in the x-direction and length in the 
y-direction. A complete pass or scan consists of a set of adjacent scan lines obtained over a period of time such that 

is the entire region of interest has been measured. The scanning apparatus also has an x-ray beam modulator 60 which 
is between collimator 58 and patient 48 and can modulate x-ray beam 3a in a periodic pattern for certain types of 
diagnostic scanning. There is also an adjustable x-ray beam attenuator 62 for changing the intensity and/or energy 
spectrum of x-ray beam 3a as desired for different scans and/or other purposes. 

20 System Scanning Motions 

As seen in Figs. 2 and 3A-3C, C-arm 56 rotates essentially within its own volume along rotational path R about a 
rotational axis extending along the Y-axis. In addition, C-arm 56 moves along the Y-axis, along the length of a patient 
and thus along the patient's spine. The Y-axis and the Q-axis labeled in Fig. 2 extend in the same direction. C-arm 56 

25 includes a central portion 64 which can be formed of cast aluminum half rings machined to a required rolling radius 
and combined with an integrating structure to support x-ray source 52, slit collimator 58, x-ray beam modulator 60 and 
x-ray beam attenuator 62. A removable upper arm portion 66 houses x-ray detector 54, using a bracket interface. Thus, 
upper arm 66 may be removed for shipment in order to reduce shipping volume, and re-installed easily on site. A 
counter balancing system (not shown) is a part of C-arm 56, and is intended to minimize the external forces required 

30 to rotate that portion of the device as well as help balance C-arm 56, should a drive component fail. 

Patient support table 50, as seen in Figs. 2, 2A and 2B, is translatable along all three axes - the longitudinal (Y 
axis), the transverse (X axis), and the vertical (Z axis). As seen in Figs. 2A and 2B, table 50 can be driven in the positive 
and in the negative directions along the Y-axis by using a toothed drive belt 50a driven by a stepper motor 50b through 
a drive pulley 50c and an idler pulley 50c'. Belt 50a is secured to a table bracket 50d, which in turn is secured to table 

35 50. A motor controller board 50e controls motor 50b. A DC servo motor can be used in place of stepper motor 50b, 
and other drive implementations can be substituted such as stepper-motor driven lead-screws. Each motion is computer 
controlled and monitored by an absolute encoder feedback system receiving feedback information from an absolute 
encoder 50f coupled with idler pulley 50c' to provide absolute information respecting any rotation of that pulley and 
thereby respecting any motion of belt 50a and table 50 in each direction along the Y-axis. 

40 The C^arm 56 moves in conjunction with patient table 50. The motion of table 50 makes it possible to achieve a 

more compact C-arm rotation volume. This can be seen by observing the geometric/volumetric motion requirements 
seen in Figs. 3A, 3B and 3C. The motions of table 50 in the transverse and vertical directions (along the X-axis and 
along the Z-axis) help C-arm 56 clear table 50 when rotating between the three illustrated positions of C-arm 56 used 
for different types of patient procedures, e.g., PA scan or a lateral scan of the spine. In addition, the illustrated arrange- 

45 ment makes it possible to keep patient table 50 as close as practical to x-ray source 52 during posterior/anterior scan- 
ning while at the same time avoiding physical interference during rotation of C-arm 56. 

As illustrated in Figs. 4A and 4B, scanner system 30 makes it possible to scan the entire length of patient 48, or 
any selected region of the patient, as may be desirable in a "whole body" mode of operation, and at the same time 
keep the Y-direction motion of C-arm 56 shorter than would be needed if only C-arm 56 moved in the Y-direction. In 

so this example, longitudinal scanning is accomplished by a combination of moving C-arm 56 along the Q axis (which is 
parallel to the patient table Y axis) and additionally moving patient table 50 in the longitudinal, or Y axis, direction. Each 
of C-arm 56 and table 50 moves a distance which is about half the total length of patient 48. This reduces the total 
length of the scanning apparatus and thus reduces the clinical floor space needed for the system. An illustration of this 
reduction in floor space requirement is seen when Fig. 4A is compared with Fig. 4B, which shows the motion that would 

55 be required for a comparable scan along the length of a supine patient if only C-arm 64 moved in the Q (or Y) direction 
and table 50 did not move in the Y-direction. This table 50/C-arm 64 compound motion keeps the overall length of the 
scanning apparatus 30 low when the system is not in the "whole body" scanning mode (and for those machines not 
having the "whole body" feature), to thereby reduce both installation size and shipping volume. 
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Another feature of scanning apparatus 30 is the method by which patient table 50 is elevated and lowered in the 
Z (vertical) direction, as shown in Fig. 2. Z-direction motion is accomplished using two independently motorized tele- 
scoping pedestals 68, one at each end of patient table 50. Synchronization is important to maintain the telescoping 
pedestals in a desired operating mode, e.g., always extended an equal amount. This is accomplished by employing 

s an absolute linear encoder at each pedestal location, similar to encoder 50f discussed above. A computer which is a 
part of the system interrogates each encoder in pedestals 68 during motion and modulates the power to the faster 
pedestal to maintain the required synchronized motion by allowing the slower pedestal to catch up. This active syn- 
chronization is especially desirable in the case of AC motor driven pedestals, since speed tends to vary with load. Even 
with other motor driven types such as steppers, such synchronization can be of benefit, to ensure synchronous tracking 

10 even in the case of lost steps or other difficulties. The telescoping pedestals used in this apparatus have a dual nut 
drive as an additional safety feature, in case of drive failure. Each pedestal 68 can use a respective lead screw drive 
mechanism. In addition, table 50 selectively moves left and right (as seen by a supine patient on table 50), along the 
X-axis. Table 50 is driven in each direction along the X-axis under computer control by motors and lead screw or belt 
mechanisms in the upper portions 51 of pedestals 60, using motor control and absolute encoder feedback as described 

is earlier for the table motion along the Y-axis. 

The C-arm 56 rotates about a rotational axis which extend along the Y-axis and is at the geometric center of portion 
64 of C-arm 56. It is driven rotationally by a mechanism 57 (Fig. 2) and rides on rollers 72 (Figs. 3A-3C). 

Scanner 30 includes two automatic positioning modes - PATIENT ON/OFF & HOME - which are activated by 
buttons on a table mounted control panel 70 seen in Figs. 1 and 2. The PATIENT ON/OFF function moves scanner 

20 table 50 and C-arm 56 to positions that make patient loading particularly convenient, e.g., C-arm 56 moves along the 
X-axis all the way to the left (as seen in Fig. 2) and patient table 50 all the way forward (in the minus X direction seen 
in Fig. 2) and centered along the Y-axis. The HOME function moves table 50 and C-arm 56 from their load positions 
(for the PATIENT ON/OFF mode) to position suitable for starting a PA spine scan. 

As carried on C-arm 56, x-ray source 52 and detector 54 have a 2-axis motion with respect to patient 48 to carry 

25 out scans. Motion in the longitudinal Y (or Q) direction moves them along the patient axis as defined by the spine. A 
second motion, along the R rotational path, rotates them around the patient, the center of rotation being at a point C 
which is determined by the C-arm 56 and the method of rotation employed. The point of rotation is not the focal spot 
in the X-ray tube, rather, the center of rotation is spaced from the focal spot by a significant distance, and such spacing 
is important for the correct operation of the system. In the preferred embodiment, x-ray detector 54 and x-ray source 

30 52, as carried by C-arm 56, rotate on a set of rollers 72. Thus, the center of rotation "C M is determined by the outer 
radius of C-arm 56. 

As previously described, opposite x-ray source 52 is detector 54 which in this embodiment comprises approximately 
200 detector elements arranged in a linear configuration extending along the X-axis in the XZ plane. Detector 54 is 
about 16" long in the X direction and is about 42" from the origin of beam 3a (42 u source-to-detector spacing) and 

35 subtends a 22 degree fan angle. Alternately, the detector elements can be arranged along an arc centered at the focal 
spot in the X-ray tube. The detector elements that make up the array are silicon photo diodes coupled with a scintillation 
material, and they are fixed with respect to x-ray source 52. Other detector elements can be employed instead. 

To perform a scan, a series of scan lines of data are acquired. To do this, C-arm 56, carrying x-ray source 52 and 
detector 54, moves along the Y-axis along the length of patient 48. This motion moves detector 54 and x-ray source 

40 52 to form a succession of spatially overlapping scan lines adding up to a scanned rectangular area. The signals 
produced by the detector elements in detector 54 in response to x-rays impinging thereon at successive scan lines are 
digitized by an analog to digital (A/D) converter and are stored, for example on disk. The host computer 38 processes 
the signals from the A/D converter into density representations, and/or images, and/or reports of measured and/or 
calculated parameters, using principles disclosed in the material referenced in the background section of this disclosure. 

45 For body structures of interest such as the spine, hip, forearm and wrist, only a single pass of fan beam 3a along 

the Y-axis may be needed because typically the area of interest in the patient's body is covered by fan beam 3a as 
shown in Fig. 3A for the Posteroanterior (PA) spine and in Fig. 3B for the hip. A similar scan can be performed on the 
forearm, as is done for the hip. Fan shaped beam 3a has a sufficient angle to cover the entire forearm and/or wrist of 
a typical patient in a single pass, thus completing the scan in substantially less time than would be required for a pencil 

50 beam scanner in a raster fashion or by a narrower fan beam which cannot cover the entire forearm or wrist in a single 
pass. Indeed, in some circumstances a fan beam of only 1 4 degrees can be sufficient for the geometry of this embod- 
iment to fully illuminate any of these body areas with x-rays. Fig. 3C shows the positioning for a lateral scan of the 
spine in which the view is orthogonal to the standard PA spine view. To attain this position, a series of movements of 
C-arm 56 and table 50 are carried out to ensure that the table and C-arm clear each other. In this embodiment, table 

55 so is moved along the X-axis and the Z-axis appropriately, while C-arm 56 is rotated about an Y-axis passing through 
point C until the desired lateral position is reached. 

Whole body analysis can require that the entire body be illuminated with x-rays. Referring to Fig. 5A, a fan beam 
3b of approximately 65 degrees can be suitable for completely illuminating the entire cross-section of patient 48. As 



6 



EP0 761 166 A2 

illustrated in Fig. 5B, this fan beam can be simulated by utilizing multiple passes with a smaller, 22 degree fan beam 
3a as long as the fan beam for all of the passes maintains a selected focal spot to patient body relationship. With a 
fan beam 3a of 22 degrees and the nominal dimensions of the system in this embodiment, three passes along the Y- 
axis can be made to cover the entire patient 48. Thus, data from passes 1 , 2 and 3 from the smaller fan beam 3a can 

5 be added together using a computer to provide data that is substantially equivalent to data that would have been 
obtained if one large fan beam 3b had been used. The conceptual illustration of Fig. 5B implies rotation of fan beam 
3a with the focal spot thereof as the center of rotation. With fan beam 3a in a vertical orientation as in the middle 
position of fan 3a in Fig. 3B, fan beam 3a for pass 1 is rotated 21.5 degrees from the vertical while fan beam 3a for 
pass 3 is rotated -21.5 degrees from the vertical. The data from the 0.5 degrees of overlap is blended, e.g., by pro- 

10 gressively using more of the data from the next pass as one moves in angle toward the next pass, using for example 
principle known in second generation CT technology. 

Fig. 5C shows an enlargement of the area designated P in Fig. 3B, where beams 3a for passes 1 and 2 overlap 
spatially. Fan beam 3a is slightly wider than the required 21.5 degrees so that there is an overlap of 0.5 degrees 
between the two passes. The overlapping areas imply that at least two different elements of detector 54 have measured 

is the x-rays attenuated through the same body area. 

If rotation of beam 3a around its focal spot is desirable or practical, implementation of the multiple passes can be 
relatively easy because the only required motion between passes is rotation. However, in the preferred embodiment, 
the center of rotation C does not coincide with the focal spot. In accordance with the invention, the focal spot is made 
the effective center of rotation through motion of patient support table 50. In the system in accordance with the invention, 

20 c-arm 56 and table 50 can move with a total of five degrees of freedom. This feature is efficiently utilized in the whole 
body scanning mode. 

Referring to Figs. 6A, 6B and 6C t the three views depict the relative positions of table 50 and C-arm 56 for three 
passes in the preferred embodiment of whole body scanning. Collimator 58 is not shown in these views. Each position 
maintains constant the spacing between the focal spot of beam 3a and table 50 as well as the location of a vertical 

25 intercept from the focal spot to table 50 relative to table 50. 

Fig. 7A details the geometry of pass 1 in relation to pass 2. In pass 1 , patient 48 lies supine on patient table 50 at 
position P1 , and the focal spot of x-ray source 52 is at F1 . In this position, only the left side of patient 48 is illuminated 
with x-rays within fan beam 3a. If C-arm 56 could now be rotated about the focal spot, the conditions of pass 2* would 
be achieved in which the central part of the patient 48 would be illuminated. However, the focal spot rotates about the 

30 center of rotation of C-arm 56 located at C with a radius R. A rotation through an angle of - 6 about a pivot axis at point 
C attains the positioning of pass 2 in which the focal spot is located at F2. To maintain the focal spot of beam 3a at the 
desired position relative to the patient, patient table 50 moves to position P2 (without moving patient 48 relative to table 
50). At position P2, the spatial relationship between F1 and P1 are identical to the spatial relationship between F2 and 
P2, i.e., a vertical drawn from the focal spot intersects patient table 50 at the same point and extends over the same 

35 distance. To attain position P2 requires two motions of table 50, one over a distance DX along the X-axis and another 
over a distance DZ along the Z-axis. These two motions can be consecutive or concurrent (or can overlap in time only 
in part). These distances DX and DZ correspond to the differences in X and Z coordinates for focal spot positions F1 
and F2. 

Referring to Fig. 7B, where the terms are graphically defined, the distances DX and DZ are given by the relation- 
40 ships: 

DX = (X2 - X1) = R [cos 4 (cos 9 - 1) + sin $ sin 9] 



"° DZ = (Z2 - Z1) = R [sin 4 (cos 9-1) -cos (J) sin 9] 

Patient table 50 is translated along the X-axis over a distance DX and along the Z-axis over a distance DZ, where 4 
is the angle that F1 makes with the center of rotation C as the origin and 9 is the angle of rotation between F1 and F2 

so which in the preferred embodiment is about -21 .5 degrees, with the negative angle denoting a clockwise rotation around 
C between passes 1 and 2. Similarly, for pass 3, the focal spot is translated by DX and DZ with 9 = -43 degrees. 

As illustrated in Fig. 8, an additional analysis called the "oblique hip" can be performed in accordance with the 
invention by suitably rotating C-arm 56 and translating patient table 50 along the X-axis and the Z-axis. The actual 
position can be determined beforehand by performing a "scout" scan which is usually a high speed, low dosage scan 

55 for the PA hip. In Fig. 8, F1 is the location of the focal spot of beam 3a, and line a-a' represents the field of radiation 
in patient 48, at a distance L from the focal spot of beam 3a. For convenience and clarity, patient table 50 is not shown 
in Fig. 6, but its position can be seen in Fig. 6 A. A hip designated H1 is offset from the central ray of beam 3a by a 
distance D which can be quantitatively determined from the scout scan. Upon rotation of C-arm 56 through an angle 
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9 (or 23 degrees in the preferred embodiment) the focal spot is now at F2. Table 50 is translated along the X-axis and 
the Z-axis while patient 48 remains stationary on table 50 so that the patient's hip is at position H2 which is now located 
in the central ray F2-H2 of the radiation field b-b' in patient 48. In this geometry, the X and Z translations, DX and DZ, 
of table 50 made to place the hip at H2 are given by the relationships: 

DX = R cos <J> [cos 9 - 1] - sin $ [R sin 0 - L ] + D 



DZ = [ R sin 4 + L ] [ cos 0 - 1 ] + R cos $ sin 0 

10 

where R is the distance of the focal spot F1 from the center of rotation C of the focal spot of beam 3a, and 0 is the 
angle of the focal spot F1 with respect to the center of rotation C. The distance L from the focal spot to the hip is 
estimated as the sum of the known distances from F1 to the table plus the estimated distance from the table to the 
is field a-a\ 

X-Ray Beam Reference and Modulation System 

A reference and modulation system 60 comprises a drum assembly 74 seen in Figs. 9, 10 and 11, and a control 
20 system 75 seen in Fig. 1 3. Drum assembly 74 can use one nested cylinder 76 (Fig. 1 0) or two or more nested cylinders 
78, 80 (Figs. 9 and 11), or other shapes. System 60 is a three-dimensional rotating assembly, using support bearings 
for each rotating drum, drive shafts, rotational position encoders, drive belts, drive motors with related pulleys, and 
attenuation material of different types arrayed in a pattern within the inner periphery of one or more drums. Control 
system 75 includes a controller which receives positional signals from an encoder and issues drive commands to the 
25 drive motor system. 

Referring to Figs. 9 and 11, drum assembly 74 has a pair of nested, preferably coaxial, hollow inner and outer 
cylinders 78, 80, respectively, on separate bearing sets 82, 84, respectively, which allow the cylinders to rotate freely 
relative to each other. Shaft 86 for inner cylinder 78 does not extend into that cylinder, so that its center remains hollow. 
Respective toothed pulleys 88, 90 are mounted on an end of each cylinder 78, 80, and they are connected via timing 

30 belts 92, 94 to a single drive pulley 96 mounted on the modulator drive motor 98. The preferred ratios for pulleys 88, 
90, 96 are such that outer cylinder 80 would make one turn for three turns of inner cylinder 78, e.g., the ratio of pulleys 
96 and 80 rs 1:1 while the ratio of pulleys 96 and 88 is 1 :3. Drive motor 98 can be a two-phase, pulsewidth modulated 
(PM) stepper motor, such as one having 200 steps per revolution. 

As seen in Fig. 1 3, encoder disks 1 00 and position encoders 1 02 (only one is shown for conciseness) for measuring 

35 the angular position of each respective cylinder 78. 80 are mounted at the opposite end of the drive system. Both 
encoders 102 and motor 98 are coupled to control system 75. 

Within the inner periphery of each drum are the reference and filtering attenuation materials which are curved to 
match the drum inner radius so that the path length of the x-rays through these materials would be the same everywhere 
for any one attenuation material. The attenuation materials may be profiled to match the center of the fan beam radius, 

40 in order to further equalize the path length of material traversed by the x-ray beam. As seen in Fig. 11, inner cylinder 
78 is divided into four 90 degree sections, with two brass strips 104 located 180 degrees across from each other. As 
inner cylinder 78 rotates, a sequence of: brass, air, brass, air, etc., at 50% duty cycle is generated. Both the brass and 
non-brass segments also contain the cylinder wall material, so the additional attenuation value of the cylinder wall 
material may be accounted for through scan data normalization. 

45 Outer cylinder 80 is divided into six, 60 degree segments. At two opposing segment locations are mounted bone 

simulating materials 106; another pair of opposing segments have tissue simulating material 108, and the last two 
locations are left empty and referred to as air segments 1 1 0. Rotation of outer cylinder 80 therefore creates the following 
periodic sequence: bone, tissue, air, bone tissue, air, etc. As seen in Figs. 12A-12F, when both cylinders 78, 80 rotate 
in accordance with the previously defined cylinder rotational ratios, x-ray beam 3a passing through the center of rotation 

so would be modified by the following sequence of attenuation materials: bone+brass; bone+air; tissue+brass; tissue+air; 
air+brass; air+air; followed by a repeat of the same pattern for the second half of the outer cylinder. 

Because the segments of like attenuation reference materials are located 180 degrees opposite of each other, the 
x-ray beam traverses both pieces at the same time, eliminating the need to have the pieces critically matched. Another 
benefit of the coaxial drum 74 geometry is the minimization of the transition angle, defined as the angle during which 

55 a non-zero width x-ray fan beam spans the edges of two material segments. The x-ray beam content is changing during 
the transition angle and is not desirable for patient scan measurements. 

If desired, one, two or more cylinders may be nested, to vary the number of attenuation material layers which 
intercept the beam path. 
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Modulator control system 75 is illustrated in Fig. 13 and comprises a circuit board having a microcomputer CPU 
112 and interface circuitry. Control programs for operating microcomputer 112 are stored in electronic memory, such 
as for example an EPROM memory device. A suitable microcomputer is the model 80C320 manufactured by Motorola. 
It should be understood that other microcomputer architecture could be utilized to operate the controller Control system 

5 75 can be implemented in hardware only, without a CPU, or other known types of control systems can be used having 
combinations of hardware and software processing, so long as they are capable of operating the modulator system in 
accordance with the control parameters described in this specification. Inputs to the system are commands from the 
host control computer 38; AC power frequency timing information from zero crossing detector 114; and positional 
encoder 102 signals from drum assembly 74. Control system 75 outputs are motor 98 step pulses to stepper driver 

10 electronics 1 1 3 and system status information to host control computer 38. 

In operation, the rotational axis of modulator drum assembly 74 is positioned along the long axis of the x-ray fan 
beam 3a through mechanical alignment. As x-rays within fan beam 3a travel from source 52 toward detector 54, they 
pass first through one wall of outer cylinder 80, then through the material mounted on the inside ot outer cylinder 80, 
then through the wall of inner cylinder 78, then through the material mounted on the inside of inner cylinder 78, and 

is so on, until beam 3a exits the other wall of outer cylinder 80, as shown in Figs. 1 2A-1 2F. When the two cylinders 78,80 
are stationary, x-ray beam 3a is modified by the composite stack of materials present in its path. When cylinders 78, 
80 are rotating, a sequence of different material combinations are inserted into the path of x-ray beam 3a in a periodic, 
repetitive fashion, as determined by the CPU-control 112 directing the drive motor system. The sequence and/or timing 
of the material combinations which attenuate beam 3a can be modified by changing controller programming. 

20 Through the use of the above-described ratios of modulator drive system pulleys 88, 90, 96 and through the use 

of suitable parameters for stepper motor 98, the system in accordance with the invention can achieve the timing rela- 
tionships between pulses of x-ray source 52 pulse and positions of inner cylinder 78 and outer cylinder 80 illustrated 
in the timing diagram of Fig. 14. 



25 Attenuator Selection and Positioning Mechanism 

Figs. 15 and 16 illustrate the x-ray attenuator selection and positioning mechanism 62 which is between x-ray 
source 52 and x-ray detector 54. 'The x-rays within fan beam 3a pass through attenuator mechanism 62, so that the 
effective beam intensity and/or energy (spectrum) are influenced by whatever attenuating medium is placed within the 
30 beam path. 

Attenuator selector mechanism 62 includes a movable support plate 1 20 which houses a number of materials 1 22 
of varying thickness, physical attenuation properties, or both, as desired or required for the imaging procedures to be 
performed by system 30. As seen in Fig. 16, materials 122 can be arrayed next to each other in the Y direction, with 
each individual material extending in the X direction. Alternatively other array patterns can be selected, such as a 

35 radial, planar, or a three dimensional array that envelops the x-ray source 52. However, a flat planar array of sequentially 
placed materials, similar to a laminated butcher block table, provides for cost effective manufacture within a small, flat 
package. Low system profile of the selector mechanism, located as close as practical to the focal spot in x-ray source 
52, reduces the physical size required for each block of attenuating material to cover the entire imaging beam 3a, thus 
reducing material cost and weight. Support plate 120 is supported by and slides on main drive plate 124, which in turn 

40 is coupled to C-arm 56. The relative fit of support plate 120 and drive plate 124 provides lateral alignment of the 
attenuation materials relative to x-ray beam 3a. 

Support plate 120 in attenuator mechanism 62, and the attached array of different attenuating materials 122, are 
coupled to a drive mechanism 126 for translation relative to radiation beam 3a. As seen in Fig. 16, drive mechanism 
1 26 includes a motor bracket 1 28 attached to sliding support plate 1 20. A linear motor 1 30 is attached to motor bracket 

45 128 and a drive screw portion 1 38 of a linear motor is rotatively attached to main drive plate 124, to cause the relative 
sliding motion between main drive plate 124 and support plate 120. Other suitable drive mechanisms can include a 
rotary stepper motor with cogged belt drive, worm gear mechanism, drive screw mechanism as used in machine tool 
beds, or any other type of known drive system which can provide the desired relative sliding motion between support 
plate 1 20 and main drive plate 1 24. It is also possible to utilize a manual drive mechanism, such as a screw jack cranked 

50 by the machine operator. A rotary encoder 1 34 is attached to motor bracket 1 28. This rotary encoder 1 34 has a pinion 
gear 136 interacting with a gear rack 138 mounted on main drive plate 124. In this manner, the rotary position output 
of encoder 1 34 can be correlated to the position of a specific attenuation material 1 22 relative to radiation beam 3a. 

A controller 140 (see Fig. 24) reads the output signal of attenuator mechanism encoder 134 and also provides 
drive signals for actuation of linear motor 130, in a manner similar to that discussed in connection with x-ray beam 

55 modulation system 60. Thus, when the scanner operator selects a desired attenuation material 122 by way of the 
scanner control system, the scanner automatically aligns the desired material 1 22 relative to the radiation beam path 
3a. Alternatively, other motor control and drive systems well known in the art may be utilized in connection with the 
attenuator drive mechanism. 
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Optical Crosshair Line Generating Laser Positioning Aide 

The x-ray system described herein has the capability of measuring various anatomical regions, and includes an 
optical crosshair device which helps the operator position the patient on table 50. The operator uses the crosshair 

5 device to ensure that the x-ray beam will be directed to the desired anatomical region, that different scans will register 
correctly with anatomical features or with each other, and that scans of the same region but at different times will 
register well. Accurate positioning helps avoid the need to interrupt a procedure when it becomes apparent that the 
measurements being obtained are not for the desired anatomical region, or to repeat procedures for similar reasons. 
It also helps achieve reproducible positioning of the anatomy, allowing baseline scans to be used reliably for subsequent 

10 scan evaluations. 

As illustrated in Figs. 17 and 18, a single line projection laser 152 is the source of the laser beam. When C-arm 
56 is in the position illustrated in Fig. 17 (for a posterior-anterior scan), the laser beam is directed downward, creating 
a visual crosshair beam 160 consisting of two fan beams of laser light approximately ninety degrees to each other. 
Crosshair beam 160 can illuminate a patient, or the top of table 50, or a calibration device. Although the laser is low 
is voltage the line quality of crosshair 160 is bright and crisp, even in a well lit room. The low profile, tri-pod adjustment, 
and internal shutter permit the laser to be installed in tight fitted areas but still allow for ease in adjustment or replace- 
ment. 

The optical crosshair device is constructed of a one piece base 144, two optical mirrors 146, 148, a beam splitter 
150, one optical line generating laser 152, and a internal mechanical shutter 154 with an external slide 156, allowing 
20 the operator or the patient to block the laser beam. The external tri-pod adjustment 158 permits initial laser alignment 
to the array and the source. The Y axis fan beam of laser light of crosshair 160 aides in aligning the patients spine 
along the Y axis of the x-ray apparatus. The X axis fan beam of laser light of crosshair 160 helps align the hips per- 
pendicular to the spine and thus to the Y axis of the x-ray apparatus. 

25 Forearm Positioning Aide 

For a wrist or forearm scans, it is desirable that the patient's wrist and/or forearm be suitably oriented relative to 
the scanning x-ray beam 3a, e.g., with the forearm extending in the Y direction, and with the radius and ulna bones 
side-by-side in the X-direction. It is also desirable that the forearm and/or the wrist remain in one position during the 
30 scan, and that the positions be accurately reproducible for subsequent scans so that baseline comparisons can be 
made. 

Referring to Figs. 19 - 21, a forearm positioner 164 can be used with the scanning system described herein (as 
well as with pencil x-ray beam scanners). Forearm positioner 164 can be constructed of polycarbonate material, such 
as LEXAN, manufactured by General Electric Company, and an x-ray translucent material. It has a base portion 168 

35 with an inboard side which faces the patient and is covered with a polyester foam layer 1 69 to make it more comfortable 
for the patient. At the outboard end of base portion 168, a ridge 170 can be constructed of a wedge-shaped piece of 
polyester foam which extends upwardly to aid in positioning the patient's forearm. Forearm positioner 164 has a cut- 
out portion 1 72 which is generally parallel to and proximal to and just inboard of the ridge portion 1 70. Forearm positioner 
164 clamps over a side edge of table 50 with clamping lip portion 174. During a forearm or wrist scan data acquisition, 

40 positioner 164 is at a fixed, centrally located position on table 50. The patient sits beside table 50, with the arm over 
table 50 and positioner 164, and presses his or her forearm 166 down on base portion 168 and outward against ridge 
portion 170, as shown in more detail in Fig. 20, with the anatomical area to be scanned being over the cutout portion 
172 so that the positioner 164 would not affect the x-ray intensity measurements. 

45 Spinal Positioning Aide 

Referring to Figs. 22 and 23, a spinal positioning aide 180 can be used when performing spinal scans, such as 
the PA and lateral scans previously described. Spinal positioner 180 is preferably constructed of x-ray translucent 
polyester foam and is covered with a removable material. Spinal positioner 1 80 helps support and position the patient's 
so head, arms and upper shoulders in comfort and in positions which helps the spine portion which will be measured relax 
and extend relatively straight in the Y direction on table 50. Often, two scans are performed, one in a posterior-anterior 
projection and one as a lateral scan approximately ninety degrees from the first projection. The first scan obtains 
information which helps in carrying out the second scan. It is desirable for the accuracy of the measurement that the 
patient remain in the same position for both scans and that the patient's spine and hips be suitably oriented relative to 

55 scanning x-ray beam 3a. 

Spinal positioner 1 80 has a base portion 1 82, with an radial indentation 1 84 therein which extends in the Y direction 
and helps support the patient's head, neck and hands. A ramped portion 186 helps support the upper shoulders and 
the neck. Wings 1 88 extend upwardly and diverge laterally away from base portion 1 82 to help support patient's arms 
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such that the elbows are elevated. 

For good ergonomics, spina! positioner 1 80 is shaped to fit the natural shape of a person who may have to remain 
in the position illustrated in Fig. 23 for some period of time. The angle of the ramped portion 186, which supports the 
patient's upper back and neck, fits the desired curvature of the spine. A drop off at the top of the ramp 186, into 
5 indentation 184, helps support the neck and head. The angular cuts in the wing portions 188 allow several different 
arm positions and prevent the patient's arms from rotating too far above his or her head to thereby reduce patient 
discomfort. 

With the arms above the patient's head, as illustrated in Fig. 23, the patient's rib cage tends to rise and the scapulas 
tend to rotate out of their normal positions. This helps achieve a clearer projection of the upper thoracic spine region. 
10 Positioner 1 80 is preferably covered with a material that is fluid proof, bacteriostatic, and removable (such as via hoop- 
and-loop fastening material), so it can be easily changed for a new patient. 

Scanner Electrical and Electronic Control Systems 

is Fig. 24 illustrates, in block diagram form, scanner electrical and electronic control systems of an embodiment in 

accordance with the invention. Examination table unit 32 includes the structure illustrated in Figs. 1 and 2, as well as 
a suitable power supply module 36 for x-ray source 52 and motors for driving patient support table 50 and C -arm 56, 
and to operate attenuator 62 and modulator 60. Each of the motors has a local controller with motor driver electronics 
and position encoder, similar to those used in the x-ray modulator system shown in Fig. 1 3. For the sake of conciseness, 

20 each of those local elements is not repeated in this figure. In Fig. 24, the drive system XX which causes X direction 
translation of patient table 50 is shown as including a motor 200, a motor position encoder 202 and local X motion 
controller/motor driver electronics 204. For the sake of brevity, similar structure for the Y direction translation of the 
patient table is shown as block YY, and Z direction patient table translation as block ZZ. Block RR of C-arm 56 (including 
C-arm portion 64) depicts the C-arm rotation drive system, with local controller, and block QQ denotes the C-arm 

25 translation in the Q direction (which is the same as the patient table 50 Y direction). The local controllers for drive 
systems XX, YY, ZZ, QQ and RR communicate over motor bus 206. 

As further shown in Fig. 24, the C-arm 56 has a C-arm local controller 208, which communicates with x-ray source 
controller 210, the x-ray modulator controller (which includes CPU 112), x-ray attenuator controller 140 and control 
panels (212, 70) which are located in the C-arm and patient table, respectively. C-arm controller 208 communicates 

30 via C-arm controller bus 214. 

Detector array 54 supplies x-ray measurements to data acquisition system (DAS) 216, where the measurements 
are collected and can be preliminarily processed. DAS outputs 216 its collected and processed x-ray measurements 
from the individual elements of detector array 54 via DAS bus 218. 

Digital Signal Processor (DSP) 220 is coupled to each of the motor bus 206, C-arm controller bus 214, and DAS 

35 bus 218, and functions as a communications exchange for the remote controllers with host computer system 38. While 
use of a digital signal processor 220 is shown in this embodiment, it is contemplated that any known system which can 
network communications between the various local processors and the host computer 38 can be used in connection 
with this invention. DSP 220 includes an interface 221 for communication with the host computer in conventional fash- 
ion, such as by an ISA bus or through an industry standard interface on the card (e.g., SCSI, IEEE488, etc.) to a 

40 communications line 222. 

Use of distributed processing and communications networking between a plurality of local processor controllers 
via the DSP 220 interface, reduces wiring complexity between various controlled devices and the host computer system 
38. DSP 220 is responsible for real-time processing, such as motion control over table 50 and C-arm 56. Host computer 
38 also has the advantage of having a more integrated and consistent datastream content in the DSP 220 data buffers 

45 than would be communicated by all of the separate local controllers. For example, both scan data from the DAS 220 
and its corresponding position data obtained from the scanning system patient table 50 and C-arm 56 position encoders 
(e.g., 202) can be contained in the same data buffers. 

Host computer 38 provides central command and control of the entire scanner system. In the embodiment shown 
herein, host computer 38 is an IBM AT-compatible architecture computer, having therein an 80486/25MHz or higher 

so clock rate microcomputer, manufactured by Intel or equivalent vendor product. 

In order to perform scan data processing, the ultimate goal of the scanning system, scan data from the DAS 216 
is forwarded to the host computer 38, which is programmed to perform A/D conversion at 224 and preliminary data 
preprocessing at 226 similarly to said QDR-2000 and QDR-2000+ systems. The output of the preliminary data pre- 
processing functions 226 is supplied to another image processing program 228, which performs various calculations 

55 and forms an image in a manner similar to that used in said earlier systems and, additionally, blends the data from 
successive scans (using among other things, the patient table and C-arm positional encoder data) in a manner similar 
to that used in second generation CT technology to form whole-body images. While the A/D conversion 224, preproc- 
essing 226 and image processing 228 functions can be performed by the host computer 38, executing program mod- 
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ules, those functions can be performed in separate, dedicated data processing apparatus. 

Data and images from processor program 228 are supplied to a console 42, display 44 and a recorder (e.g., floppy 
disk drive 40 and/or a printer 46) for purposes and in a manner similar to those in said earlier systems. Two-way arrows 
connect the elements of Fig. 24 to illustrate the fact that two-way communications can take place therebetween. Con- 
5 ventional elements have been omitted from the Figures and from this description for the sake of conciseness. 

The host computer is also programmed to provide command and control 230 to the various controllers, and to 
provide user interface 232. 

All of the above described mechanisms are controlled and coordinated under computer control (local controller or 
the host computer 38). Each motion of the apparatus is monitored by an absolute encoder feedback system. All motions, 

10 except for the telescoping pedestals 68 used to raise and lower the patient table 50, employ absolute rotary encoders 
that do not require zero switches as would be required with incremental encoders which can only count motion from 
a known starting position. The use of slow speed, continuous loop belt drives for all motions except the telescoping 
pedestals 68, makes this technique practical. Other apparatus which employ high speed lead screw drives do not lend 
themselves to this simpler, absolute encoder technique because of the large number of revolutions required by the 

is drives for positioning. Absolute encoders are restricted to a finite number of revolutions to stay within their operating 
range. The encoders are located and directly connected to the idler take\up pulley shaft which only rotate approximately 
8 turns out of 10 allowed by the encoder during full travel for each of the various mechanisms. 

The use of position encoders, such as absolute encoders, is important for monitoring and ultimately controlling 
the motion control systems of scanner apparatus 30. The close proximity of the structures and the potential for collisions 

20 with one another does not lend itself as well to mechanisms moving to locate zero switches to determine the location 
of each element of the system during power up. An important feature of absolute encoding is that location knowledge 
is never lost during power down/power up. 

Scanner System Operation 

25 

As was previously described, x-ray source 52 is a dual-energy (DE) pulse system that is synchronized to the 
alternating current (AC) power source. Rotating drum cylinders 78, 80 on modulator 62 also are synchronized to the 
AC power line by way of modulator controller 112, which implements a closed loop control sequence. Review of the 
timing diagram of Fig. 14 will assist in understanding the scanning x-ray pulse sequence and modulation. 

30 Referring to the timing diagram of Fig. 14, ACLINE represents a square wave derived from the AC line frequency 

(60 Hz in the United States). The term SEQUENCE describes the three energy states of the x-ray source; that is "B" 
for black, or no energy output pulse, "IT for the high energy emission pulse, and "L u for the low energy emission pulse. 
The term SEGMENT means the attenuation materials described as lining the modulator outer cylinder 80. Similarly, 
BRASS and AIR mean the alternating strips of brass attenuation material, and no attenuation material (i.e., "air 0 ), along 

35 the modulator drum inner cylinder 78. SEGMENT PICKUP and INDEX signify respectively the inner 78 and outer 80 
cylinder position encoders (102) output signals that are used by the controller in feedback mode to synchronize drum 
rotation to the AC power line frequency, and thus the x-ray source 52 energy pulsing sequence. MOTOR STEP means 
each step pulse command issued by the controller CPU 112 to the stepper driver electronics 113, so that the stepper 
motor 98 advances an additional rotational increment. 

40 Modulator controller CPU 1 1 2 accepts commands from the host computer 38 to operate the modulator 60 in one 

of two modes: continuous or positioning. In the continuous mode, the stepper motor 98 for the modulator 60 is accel- 
erated from a stopped position to a constant running speed, which is a function of the AC power frequency and the x- 
ray pulse mode. In the positioning mode, the stepper motor 98 is commanded to rotate until the modulator drum inner 
and outer cylinders are in a desired position, as determined by the modulator rotational position encoders 102. Once 

45 the desired stationary drum position is attained, to have the needed attenuation media aligned within the x-ray beam 
path, the motor 98 remains energized sufficiently to prevent inadvertent drum movement.i.e., analogous to using the 
motor as an electromechanical brake. 

When the operator starts the continuous mode of system operation, the modulator controller CPU 112 determines 
the AC power frequency 114 and calculates the step rate required to operate the motor 98 at a fixed number of x-ray 

so pulses per cylinder segment. The step rate is generated from an internal timer that counts ticks of the CPU 112 clock 
frequency. A parabolic acceleration spiral is calculated that will "soft" start the motor 98 at a slow speed, (within the 
motor's starting current specifications, so as not to overload it), and accelerate it to the calculated running speed. The 
"soft" motor start acceleration profile is tailored to reduce the required starting torque; therefore motor size and drive 
system wear and tear are also minimized. 

55 Modulator controller CPU 112 also calculates a nominal phase angle, between the AC line frequency and the 

modulator drum starting position indicated by the cylinder encoders 102. The modulator control system 75 then slowly 
steps the cylinders 78, 80 to a zero phase angle, determined by processing the encoder 102 output signals; it also 
sets motor power level up to a value required for smooth acceleration. Next, the CPU 112 waits for the next AC power 
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line zero cross signal 114, then starts in ACCELERATE mode, bring the stepper motor 98 and cylinders 78, 80 up to 
running speed. When the motor and cylinders are at the final running speed, the CPU switches to a LOCK mode. Each 
time that the AC power has a zero cross, the timer that generates the step pulse frequency is reset and restarted. This 
reset causes the timer to discard any small variation between the crystal oscillator of the CPU and the actual AC power 

5 frequency. The stepper motor 98 can respond to small, but quick changes in the step rate, enabling synchronized 
cylinder and power frequency. 

When the modulator motor 98 is in synch with the AC power frequency, the phase angle between the cylinder 
attenuation material passage through the x-ray beam path and the x-ray generator pulse is adjusted. As the modulator 
cylinders rotate, the modulator controller 75 reads back the actual cylinder positions from the encoder 102 position 

10 signals and compares the delta time between the start of a new attenuation material segment and the start of an AC 
power line duty cycle. For a given delta time, the CPU 11 2 can measure the phase angle between the start of cylinder 
attenuation material segments and the x-ray pulses. 

In order to adjust the phase angle between start of cylinder attenuation segments and the x-ray pulses to a desired 
value, the modulator control system 75 makes a small calculated change to the step rate timer for advancement or 

15 retardation of the phase angle. Once the phase angle is adjusted to be within programmed tolerances, the controller 
75 sends a status message to the host computer 38, indicating a LOCKED condition. The CPU 112 continuously 
monitors the AC power frequency and the cylinder encoder 102 position signals to make timing adjustments. 

The closed loop control of the pulse rate for stepper motor 98 in modulator system 60, using the AC power frequency 
as the reference frequency, offers advantages which include: 

20 

• relatively lower cost of stepper motors compared to larger synchronous motors utilized in prior art modulator sys- 
tems; 

• elimination of the need for high accuracy, expensive tachometers or encoders; 

• no need for linear servo motor systems; 

25 • the stepper motor serves a dual function as a stepper positional device when the scanning apparatus is operated 
in positioning mode, i.e., only one set of attenuation material layers is needed for a particular type of scan; and 

• stepper electronic control systems are relatively inexpensive to implement. 

Detector Calibration 

30 

The individual elements of the detector 52 are corrected tor nonuniformities with angle in the fan beam and for 
beam hardening for different intensities. Each element of the detector 52 is also calibrated for offset and gain by taking 
dark level scan detector element readings which are interspersed with patient scan readings in a sampling pattern of 
On and Off x-ray pulses. 

35 

A. Continuous Dark Level Sampling 

The system alternately turns X-rays on and off and this makes it possible to instesperse dark level measurements 
with x-ray signal measurements. The x-rays may be cycled on and off according to different schemes such as Off, On, 
40 Off, On ... or Off, Off, On, On, Off, Off, On, On, etc. During each On cycle, the x-ray signal is measured; during each 
Off cycle, the dark level offset is measured. The dark level offset can be subtracted from the time-adjacent x-ray signal 
measurement(s), or multiple dark level offsets can be averaged, and the average subtracted from multiple X-ray signal 
measurements. 

An exemplary embodiment is shown in the timing diagram of Fig. 14, wherein an Off, Off, On, On, ... sequence is 
45 utilized. More particularly, the respective outputs of the x-ray detector elements in detector 54 for the two Off pulses 
are measured (signified by the letter "D" in the timing line SEQUENCE). Thereafter, the same measurements are taken 
for two pulses at a first energy level (H for "high"). Thereafter, the measurements are taken again for two Off pulses, 
then for two pulses at a second energy level (L for "Low"). Thereafter, two more Off pulses are measured. The sequence 
is repeated many times during the course of the patient scan. Twelve offset measurements are averaged to determine 
so the dark level offset that is subtracted from each of twelve time-adjacent X-ray signal measurements. As a result of 
this feature of the invention, if the dark level offset varies over time, this will be accounted for correctly since the dark 
level offsets are measured at nearly the same time as the x-ray signals from which the offsets are subtracted. Second, 
a dark level offset is measured over the same time duration as the x-ray signal. Thus, the dark level offsets are measured 
at photon statistics corresponding to those for the x-ray signals. 

55 

B. Multiple Thickness Beam and Detector Flattening 

In the preferred embodiment, variations in x-ray beam characteristics are accounted for through the use of a multiple 
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thickness flattening system. The system utilizes the attenuator selector mechanism 62 previously described herein to 
take calibration readings automatically for different attenuation media under control of the host computer 38. 

The flattening procedure involves collecting data representative of one or more of the modalities of which the 
system is capable. Reference attenuation at multiple thickness levels, and thus attenuation levels, is achieved either 

s by means of the internal attenuator mechanism 62 or by the use of a phantom block that can be positioned between 
the x-ray source and detector. Data are processed by the x-ray system's computer to produce specific factors that are 
stored permanently for later use. Values that are stored include reference values corresponding to each attenuation 
level and correction factors for every detector channel at each attenuation level. Such correction factors may be cal- 
culated relative to one detector selected as the "reference", the average of more than one "reference" detector, alter- 

10 native reference data, or other specified attenuation levels. 

Scan acquisition software utilizes stored flattening data to make corrections to the original input data in real time 
as they are acquired. Alternatively, software can provides a way to store the original data and apply the flattening 
corrections at a later time. The exact correction for each datum point can be interpolated or extrapolated from the 
multiple level correction factors, based on the attenuation level relative to the reference attenuation levels. 

15 Various interpolation and extrapolation methods and algorithms can be applied to model the response of the sys- 

tem. Piece-wise linear interpolation and extrapolation offer the preferable characteristics of sufficient accuracy with 
minimal computational intensity. 

C. Flattening Update 

20 

Changes in the x-ray distribution and detector gain characteristics of the system can be monitored and adjusted 
by means of subsequent flattening scans. Comparisons with earlier initial flattening data can provide diagnostic infor- 
mation and a means to make adjustments. The system can be configured to perform and analyze flattening scans on 
a regular, periodic basis. Moreover, a flattening scan acquired with no added attenuation, using all of the channels of 
25 detector 54, can be compared to one taken at the time of an earlier flattening procedure. Differences calculated on a 
respective detector element by detector element basis are applied to adjust gains in other scan modes. Thereby, drifts 
in gain levels can be canceled. Diagnostic information obtained through a flattening update allows for softwareoon- 
trolled determination of possible systematic drifts in x-ray output, changes in filtration, variations in machine geometry, 
or detector failure. 

30 Limits may be set in the calibration software configuration for average drift and detector non -uniformity. If these 

limits are exceeded, then the operator is warned and further normal scanning may be disabled. In the case where a 
broken detector channel can be recognized, that channel may optionally be eliminated and replaced by interpolated 
values from its neighbors. 

35 D. Exemplary Detector Calibration Calculations 

In the preferred implementation, offsets of respective detector 54 element offsets can be accounted for in a linear 
data representation, while beam and detector flattening corrections can be applied in a logarithmic data representation. 

Detector offsets are subtracted from the x-ray measurement data while in linear space. After offsets are subtracted, 
40 the data are transformed to logarithmic space for subsequent data processing and analysis. After taking the log, the 
attenuation at a given x-ray energy becomes linearly proportional to the x-ray thickness of a given isotropic material. 
In the logarithmic format, gains differences in the detector system can also be compensated through addition and 
subtraction. The following equations describes the data operations that are used to produce a flat image with a fan 
beam, multiple detector x-ray system as in the invention disclosed herein: 

45 

FLAT[detector] = log (RAW[detector] - OFFSET[detector]) + 
(RAW [detector] - REF[attenuator]) * SLNUM[attenuator][detector] * 
50 SLDEN[attenuator] + FACT[detector][attenuator] + DIFF[detector] 



SLNUM[attenuator][detector] = FACT[attenuator + 1] [detector] - 
FACT[attenuator][detector] 
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SLDEN[attenuator] = (REF[attenuator + 1] - REF[attenuator])" 

where: 

5 

[detector] is the detector channel index; 

[attenuator] is the attenuator block index; 

FLAT is the resulting flattened and calibrated data; 

RAW is the original data (logarithmic form with offsets removed); 
70 OFFSET is the detector dark current offset; 

REF is the reference attenuation array; 

FACT is the array of flattening factors; 

DIFF is the array of calibration differences; 

SLNUM is the numerator of the slope; and 
1$ SLDEN is the denominator of the slope. 

The "detector" index is applied to each detector channel in the system. The "attenuator" index is chosen such that the 
reference attenuation for that attenuator is the greatest that is less than the attenuation value of the original datum. 
Thus, there is linear interpolation when the input is between reference values and extrapolation when the attenuation 
20 value of the input exceeds the thickest attenuator. 

Extracting Dual Energy and Single Energy Images From A Single Scan 

The system described above can generate dual energy and single energy images by collecting dual energy x-ray 

25 data when scanning the patient and extracting single energy image data from the dual energy data. As described 
above, to perform a scan, a series of scan lines of data are acquired which define scan data of the region of the body 
subjected to the radiation. The scan data is then stored in memory. In this embodiment, the dual energy scan data 
stored in memory can be used to extract or construct dual energy and single energy images for display. These images 
can be selectively displayed on the monitor 44 of workstation 34, or they can be simultaneously displayed on, for 

30 example, a split screen display. 

As described in the background, dual energy images provide a bone image that can be relatively free of artifacts 
from variation and movement in soft body tissue. However, when scanning thick body regions, such as in a lateral 
lumbar spine scan, the signal-to-noise ratio of a dual energy image can be lower than the signal-to-noise ratio of a 
single energy image which may result in a displayed image having more x-ray noise than a single energy image. This 

35 feature of the present application permits an operator to select which image to view or to toggle between the two 
images , for example, in order to improve the ability of the operator to recognize bone regions and accurately position 
the region of interest of the patient on the scan table 50. For example, when scanning a more difficult region of the 
body, such as the supine lateral, some features of the bone may be obscured by noise in the dual energy image, but 
may be clear in a single energy image. Alternatively, an area of bone may be obscured by, for example, a gas bubble, 

40 in a single energy image, but may be clear in the dual energy image. Thus, toggling between the two images of the 
scan in this example permits an operator to assess the region of interest of the patient better than possible with either 
image alone. 

The extraction of the dual energy and single energy images is performed during post-processing operation of the 
system. Preferably, the single energy image is constructed from the average of the lower energy radiation, e.g., in the 
45 100 keV area, after filtering through air and tissue equivalent reference materials. However, the single energy image 
can be extracted from the higher energy image, e.g., the 1 40 keV area, or from some suitable combinations of the low 
and high energy signals. 

The single energy image is suitably equalized for dynamic range of density using a high pass filtering technique, 
such as the blurred mask substraction technique. The blurred mask substraction technique is known and a discussion 

50 of the technique can be found in "Digital Radiography" by William R. Brody (Raven Press 1 984) at pages 45-49. Briefly, 
each point in the image is equalized by subtracting from its value the average value of all neighboring points in a 
rectangular region that extends from that point. For example, the dimensions of the mask (as measured in the patient) 
are about 3.75 inches in width and 1 .0 inch in length for lateral scans, and 3.5 inches in width and 1.5 inches in length 
for hip scans. Blurred masks of these relative dimensions produces a desired effect of filtering out low spatial frequency 

55 features in the background without enhancing undesirable high spatial frequency artifacts in the image. 

The single energy image can be scaled in a range that is specified as a multiple of the low energy attenuation 
added by the bone reference material of the filter drum. The range can be adjusted for each particular scan type. For 
example, the range specified for supine lateral scans can be from about 2.5 times the bone reference material to about 
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3.5 times the bone reference material (which corresponds to a numerical density of approximately 1 gm/cm 2 ). The 
utilization of the bone reference material as a scaling factor for the range is useful as it causes the specified values to 
be independent of body thickness and corresponding beam hardening effects. Alternatively, the range can be specified 
with fixed attenuation values. The Jixed attenuation values vary depending upon the specific system used. 

5 Fig. 25 is a flow diagram of the operation of the system of the present invention implementing the extraction of the 

single and dual energy images. Initially, the C-arm 56 and the table 50 are moved to scan the patient to obtain the dual 
energy scan data (step 250). The dual energy scan data is then stored in the memory of computer 38 of workstation 
34 in a dual energy scan data record (step 252). After the originally measured dual energy scan data is stored in 
memory, the computer 38 retrieves the stored dual energy scan data and processes the scan data into dual energy 

10 image data and single energy image data (steps 254 and 256). The dual energy image data is stored in memory in 
preferably a dual energy image data record (step 258). As noted, single energy image data is preferably obtained from 
the lower radiation energy range. The low energy value is less than the high energy value for the system used and is, 
for example, about 100 keV in relation to a high energy value of about 140 keV. The single energy image data is 
selectively filtered using, for example, the blurred mask subtraction technique discussed above (step 260) to obtain 

is filtered single energy image data. In order to display the single energy image data, the dynamic range of density of the 
image data is determined as described above (step 262). Once the single energy image data is constructed the data 
is stored in the memory of the computer 38 of the workstation 34 in a single energy image data record (step 264). 

After the dual energy and single energy image data records are created, the operator can then display either image 
by, for example, pressing a function key on keyboard 42 of the workstation 34 (step 266). As noted above, this permits 

20 an operator to toggle between the two images , for example, in order to improve the ability of the operator to recognize 
bone regions and accurately position the region of interest of the patient on the scan table 50. 

Simultaneous Single and Dual Energy Imaging 

25 As noted above, the system of the present application uses the DEXA method to obtain dual energy scan data. 

The data is stored in memory and an image of the scanned region is generated and displayed. Single-energy and dual- 
energy images can be reconstructed from the same scan data sets and displayed simultaneously on the display monitor 
44 in accordance with the invention. The scanner 30 when taking dual-energy scan data can store the scan sets taken 
at the higher energy levels separately from the data taken at the lower energy levels. 

30 Spatially synchronized single-energy and dual-energy images are acquired by passing the C-arm 56 over the 

anatomical area of interest. The scan sets obtained at both energy levels can be processed to extract numerical den- 
sitometry information. The previously-described positional encoders in the XX, YY, ZZ, QQ and RR drive system con- 
trollers (Fig. 24) to allow precise spatial registry of scan sets taken at both energy levels. The single-energy image 
data can offer better spatial resolution and signal to noise characteristics than dual-energy image data. Thus, numerical 

35 densitometry measurements as well as geometric measurements can be displayed simultaneously on the display 
screen 44 for evaluation by the medical practitioner. 

In an alternate embodiment, three images can be displayed on the same display screen (or on separate screens 
but at the same time so that all are available to the system user at the same time). These three images are a single 
energy lateral scan image of a selected region of the patient's spine, a dual energy lateral scan image of a selected 

40 region of the patient's spine, and a single energy image or a dual energy image taken in a posterior/anterior or an 
anterior/posterior view. A cursor controller such as a computer mouse, trackball or sole other device allows the system 
user to move a cursor on one of the displayed imaged. The three images and their display controllers are registered 
such that any positioning or motion of the cursor on one of the images is automatically and concurrently mirrored on 
the other displayed images. For example, if an operator of the system manually manipulates the cursor control to place 

45 the cursor so as to mark a reference point on an edge or vertebral body L4 on any one of the three images, e.g., the 
single energy lateral scan image, respective other cursors will automatically mark the same point on the other two 
images of vertebral body L4. As another example, if the operator places the cursor on the PA image to the space 
separating L4 and L5, the system automatically places cursor at the corresponding point between L4 and L5 on the 
two lateral images. 

50 

PA/Lateral Scan Measurement Processing 

The separate scan lines of the PA and lateral scans can be matched spatially to enhance the diagnostic value of 
the information they contain. A PA scan typically is made and analyzed before performing a supine lateral scan. Once 
55 the PA scan is analyzed, the software executed by the densitometer computer system 38 can determine the center of 
the bone mass on each PA scan line, and then can determine an overall average center of the bone mass for the 
imaged portion of the spine. 

In known densitometer systems, a relatively complicated computational scheme has been utilized to match spatially 
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The array ol shifts for each line of the outer pass is smoothed and filied or reduced to . zero or first order f unctbn 
to determine the exact shift for each line. If none of the data are relable, then the nom,nal shtft ,s used. 
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n firan Line Recombination 

After the oass data has been registered properly, the opposing pass lines are recombined into a single data line 
Data ^ * "™mh artifacts at the interfaces between passes. The blend.ng » a port 

^ «5?w^the contributing passes, with weights that are proportional to distance of each point from 
the pass edge as a fraction of the overlap width. 

F Hnrrection for Geometrical Effects 

R^mhinnd scan lines are equivalent to those that would have been acquired with a single; wide fan beam pro- 
jected^ *• outer segments angled downward by the -g-e of rotation .The elect 
H compression of the image toward the scan edges. In order to correct the projects, each data hne can be re- 

ZX£X2« mo e Curate a'nd uniform across the scan field. An interpolation map for this purpose can be 
Sated to normalize the projected size of the x-ray detection face for each detector channel to the s.ze seen by an 

™^S££^<^^ h - b - described in M ii shou,d f b : under r d *"£%z 

and valtionTwTbe apparent to those skilled in the art which are within the scope of the mvention recited ,n the 
appended claims. 

Reconstructed Scan Image Processing and Manipulation 

Scan data files include scan readings and accompanying positional information *^™*°™ X g*2^ 
patient support table 50 and C-arm 56 position encoders (e.g., table XX translation system encoder 202). Correlate 
of oositional information with scan information is helpful for image processing and manipulation. 

P A ?S.nsm,c Z Zole-body image, or selected portion thereof, is displayed on the monitor 44, and image process- 
ing soZe exe^edby the ho'st computer 38 is used to analyze bone minerai mass and densty. bone surface area, 
anH eoft tissue comDOsition including fat mass, lean mass and total mass. 

Us de neTegbn of interes.W) can be placed in the image manually, for example by use of a mouse d 
the hosTcornouter S3 (not shown), or automatically by the image processing software. Exemplary ROIs such as the 
STSTS^iEE en ire femur, the tibia, the head, the calcaneous, the hand, the too and other tojy 
sUutfu res can be analyzed for bone mineral mass, bone surface area, and bone density In add , on, the , pat^n s 
gloSZe mineral content, bone surface area, and bone density can be obtained from the analysis Of the entire 

^SonTrdg^aVbiy composition ana^sis^ 

manual*" automatically, the desired ROIs within the image file. These ROIs yield information on the at mass Jean 
mass and til mass of various body parts and regions including the arms, legs, trunk, viscera, petvis, thigh, chest, 

hea AoCanCoX S single image file can be created for a patient, which contains one or more clinically relevant 
anatoSSs Regions of interest are genemted either autormticalty or manual^ 

oHhe vartous ROI analyses are stored with the image file, providing a convenient format whereby a single, automate 
m earement ofa seated region contains the raw x-ray and processed data, including the measured bone ^ner* 
Tass bTe mtral surface area, bone density and body composition data of one or more selected and chmcally 

"^SS^ scans can be performed for determining distribution of body fat in a patient. Such 

informal may Predict which subjects are a. increased risk for various forms of cardiovascular disease and cancer 
TZZHZuL calculation is performed by taking a standard PA whole body measurement, ut .zing , the 
leaner described in this specification. The source 52 and detector 54 are then rotated n.nety degrees with the c«rm 
64 an a ^SeraTwhole Ly image is taken in a direction orthogonal to the AP scan. The AP and lateral images are 
tZ^TZZne thedistribution of fat mass, lean mass and total soft tissue mass withm speofic reg,ons 
of the body including the pelvis, viscera, chest, upper thighs, arms and other regions. 

I, scan sets arelken at multiple angles, tomographic images can be reconstructed ,n the ™^own for CT 
scannfno The sets can be acquired by continuously rotating the sou rc elector support around the patient, n the 
ZrCS generation CTscanners, or by moving table 50 in the X direction while the source^etector 
support is sfafionary to thereby achieve motion of fan beam 2a equivalent to that in second generation CT scanners. 
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followed by a step rotation of the source-detector support by the angle of beam 3a minus an overlap angle followed 
by anotheVmotion of table 50 in the X direction, etc.. stil. in the manner known for second generate CT scanners. 

CT Scanner Images From Bone Densitometry Scans 

The system described above can generate tomographic images by collecting either single or dual energy x-ray 
data wSile C-arm 56 rotates continuously or in steps while C-arm 56 and table 50 ma.ntam a fixed relative position 
afongt Y axi in th s manner, a single energy or a dual energy CT image can be obtained and can be and analyzed 
Zne densrty on the same system that acquires AP and lateral bone density data, and dual energy can be used to 
acquire CT data Zl a fan beam that is wide enough to encompass the spine but insufficiently wide to encompass the 
^abdomen This limited x-ray swath approach can be used to form an image of the bone only, and can be used 
,o ^ 

soft tissue in the image, provided that all of bone in the slice (the spine) is encompassed ,n the limited width fan beam 
S See ™Z?ed Continuous or step-wise rotation of C-arm 56 is accomplished while x-ray data ,s being coi- 
ned Rofa ion through an angle greaterthan 160- would generally be desirable 

known image reconstruction mathematics. The system described here can allow a rotation through an angle of 1 00 
SernaLy can be arranged to allow rotation through 1 80' or even more. In the '^^^^ can e 
x-ray data while C-arm 56 rotates through an angle of about 90°. The m.ssmg rays between 90 and 180 can be 
estimated by assuming they were equal to their corresponding rays in the range of 0» to 90". In this approach, the 
Jei assumed to have bLtera. symmetry so that an x-ray measurement along a ray a, W ^Whether h, , u com- 
pLent of rays between 0" and 180' are measured or the half-complement between 0° and 90' are measured^ and 
ihe remaining half computed by symmetry, it is possible to acquire a series of measurements to reconstruct a CT image 
as is Zn n the arising a" number of techniques such as filtered backprojection or algebraic A 
desirable different technique is to reconstruct only the bone structure for lumbar vertebrae of the spine by ^us.n the 
dual-energy x-ray measurements. Consider the x-ray measurements as consisting of groups <^V"M 
projections The set of measurement can then be described as a group of projections taken at "^h. 
pro actions can be grouped according to their being composed of either rays of high energy W™^™^™ 
rays o low energy x ray measurement. In a conventional CT scanner, a given projection in general will contain rays 
thafexlend from one sWe of the patient to the other. But because the fan angle of the x-ray source in the preferred 
embodten of the system described here does not encompass the entire abdomen of the patient the rays w. not 
extend all the way to the sides of the patient. In order to reconstruct the bone structure with this limited fan angle 
sys em, t e ollowLg technique is used. For each projection the quantity Q=.og H-k log L is formed, where k is a number 
equal tothe ratio of the attenuation coefficient of non-bone tissue at the lowandhighenerg.es respectively. The quantuy 
Q is related to the bone density in the projection (H is the logarrthm of the high energy x-ray attenuation and L the 
logarithm of this low energy x-ray attenuation). When plotted in arbitrary unit of Q vs. distance across the pat rort along 
the X-direc.ion. the genera, shape of the plot (in the X-direction) is a relatively flat line corresponding to , t sue on one 
side of the spine (e.g., the left side) then a hump corresponding to the spine, then another relatively flat line for the 
Sue to the Vof the spine, at approximately the same Q level as for the tissue on the left side The soft tissue 
baseline may be set to zero for each projection. The resulting -zeroed" baseline projections can then be used to form 
a CT image of the bone structure alone using conventbnal CT reconstruction algorithm. (The 'zeroed pro|ections 
correspond to x-ray data that would be needed to form a single energy CT image of the spine embedded in the air 
instead of tissue). In this technique, the disclosed system collects dual energy x-ray projections over a limited view of 
the body which includes all of the bone in a slice but not all of the soft tissue, processes the dual energy x-ray - meas- 
urements so that essentially soft tissue is cancelled, and forms a CT image which reconstructs the bone structure but 
not the soft tissue in a slice. 

Selecting the Appropriate Scan Parametric Values 

The bone densitometer 30 provides both 'Fast Array- and -Array- mode supine lateral scans. The Array scan mode 
has one-haff the scan speed and therefore twice the x-ray exposure of the Fast Array mode. In this preferred embod- 
iment, the Fast Array mode scan can be applied to a limit of 1 3.5 inches of patient thickness. 

The user interface 232 assists the operator to determine the best scan parametric values for the pat ent 48. Re- 
ferring to Fig. 26. when the operator sets up the system 30 for a supine lateral type scan, the user interface 232 
recommends to the operator via the display 44 a Fast Array mode scan as the defauK. Wh. le .the operator can s lect 
another mode typically the operator will initially select the Fast Array scan mode and start the scan. When the scan 
beg n the system 30 determines the x-ray thickness of the patient 48 in the first scan line. 'X-ray thickness' refers to 
the way a material affects x-rays passing therethrough. Thus, a 1 cm thick piece of bone would typ.cally have a greater 
x-ray thickness than a 1 cm thick layer of soft tissue because the same thickness of material would attenuate the x- 
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60 Accordingly, the scan data is in the form of six phases that are designated as HI.AIR, LO.AIR, Hl.TISSUE, 
LO_TISSUE, HI.BONE and LO.BONE, which are defined as follows: 

H|_AIR - signal from the higher energy x-rays unfiltered by the filtration system 60; 

LO.AIR - signal from the lower energy beam unfiftered by the filtration system 60; 

HLTISSUE - signal from the higher energy x-rays filtered through approximately 0.5 inches of soft tissue equivalent 
material; 

LO_TISSUE - signal from the lower energy beam filtered through approximately 0.5 inches of soft tissue equivalent 
material; 

HLBONE- signalfromthehigherenergyx-raysfilteredthroughboneequivalentmaterialwithadensityofapprox- 
imately 1 g/cm 2 ; and 

LO_BONE - signal from the lower energy x-rays filtered through bone equivalent material with a density of approx- 
imately 1 g/cm 2 . 

Durina calibration the system 30 scans a calibration phantom (not shown) that is approximately 7 inches thick. A 
variety of rafulerls ,1 the calibration using the phantom are recorded on the system. The threes calculate 
uses the following measurements and stored values: 

To . x-ray thickness of the. calibration phantom; 

H jA . HI_AI R attenuation of the calibration phantom; 

HjT . HLTISSUE attenuation of the calibration phantom; 

AT . thickness of the tissue equivalent filter material; and 

AvgPatHiAir - mean value of HI_A1R attenuation measured in the patient during the first scan line. 
The system 30 uses the following equation for calculating patient thickness is: 

Patient thickness = T 0 + AT * (AvgPatHiAir - HiA) / (HiT - HiA). 

In order to restrict determination of the patient thickness to the area near the bone on supine lateral scans, Avg- 
PatHiAir is calculated using data only from the central three quarters of the scan width. 

BeLuse he higher energy signal is less sensitive to small differences in material compos,t,on and is less affected 
by x ray be^m hardening effects the higher energy signal is preferred over the lower energy s.gna. for calculating 

tWC WhTe in th"*d embodiment the vaiues HiA and HiT are obtained from measurements of the higher = 
x ravs in a dual energy system, an alternative embodiment can use the lower energy x-rays in place of the higher 
enerav x-^s Th™ IShia and HiT referred to in the claims can derive erther from the higher energy x-rays 
o helowTr nlrgy *■ ays or a combination, such as a linear combination, of a signal derived from the h.gher energy 
x-rays «E a signal der Jed from the lower energy x-rays, unless a claim specifically states otherwise 

If the determined thickness exceeds the limit for a Fast Array mode scan, then the x-rays are turned off and a 
messag ^ifdspTayed that provides the operator with a ch 

w^ h e slowerAr ay mode'scan. By selecting the Array mode scan, the operator can avoid havmg to re-scan a patient 
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after the initial scan is found to be unacceptable due to patient thickness. 

However the operator may nevertheless choose to continue with the Fast Array mode because specific instructions 
have been issued to the operator or the operator is required to follow a particular research protocol In the case that 
the operator chooses to continue with the Fast Array mode scan in spite of the recommendation, no further th.ckness 

° heC \X^\\ be P ur!deTstood that various modifications can be made to the embodiments of the present invention herein 
disclosed without departing from the spirit and scope thereof. For example, various drwe mechanisms may be employed 
to move the support surface or the C-arm, as well as various processors may be utilized to perform the extraction 
operation Further, the algorithm used to determine patient thickness can be readily adapted for numerous bone DXA 
10 systems by persons skilled in the art. Therefore, the above description should not be construed as limiting the invention 
but merely as exemplifications of preferred embodiments thereof. Those skilled in the art will envision other modifica- 
tions within the scope and spirit of the present invention as defined by the claims appended hereto. 



is Claims 



1 . An x-ray bone densitometry system, which comprises: 

a table having a movable support surface configured to support a patient; 
20 an x-ray source and an x-ray detector positioned on opposite sides of said support surface so that a patient 

positioned on said support surface is between said x-ray source and said x-ray detector, said x-ray source 
and said x-ray detector being aligned in a fixed relationship relative to each other such that x-rays emitted 
from said source impinge said x-ray detector to produce dual energy scan data; 

a processor coupled to said x-ray source, said x-ray detector and said table and configured to actuate move- 
ment of said support surface, to receive said dual energy scan data, to extract from said dual energy scan 
data dual energy image data and single energy image data, and to store said dual energy image data and 
said single energy image data in respective data records for selective display; and 
at least one display connected to said processor for selectively displaying at least one of said dual energy 
image data and said single energy image data. 

2. An x-ray bone densitometry system, which comprises: 

a table having a support surface configured to support a patient, said surface being movable in at least a Y- 
direction and an X-direction; ■ . 

a C-arm associated with said table and movable in said Y-direction, said C-arm being configured to support 
an x-ray source in opposition to an x-ray detector at opposite sides of the patient, said x-ray source emitting 
a fan beam of x-rays which at any one time irradiates a scan line that extends in said X-direction, and said x- 
ray detector receiving x-rays from said source within the angle of said fan beam after passage thereof through 
at least a portion ol the patient to generate dual energy scan data therefrom; 

a processor configured to actuate movement of said support surface, to receive said dual energy scan data, 
to extract from said dual energy scan data dual energy image data and single energy image data, and to store 
said dual energy and said single energy image data in separate data records for selective display; and 
at least one display connected to said processor for displaying at least one of said dual energy image data 
and said single energy image data. 

3. A method for selectivety providing single energy x-ray image displays and dual energy x-ray image displays of a 
region of a patient, comprising: 

scanning a body region of a patient with a radiation source to obtain dual energy scan data; 
so extracting from said dual energy scan data, single energy image data and dual energy image data; 

storing said single energy image data and said dual energy image data in respective data records for subse- 
quent display; and 

selectively displaying said single energy image data and said dual energy image data. 

55 4 The method according to claim 3, wherein said step of extracting said single energy image data from said dual 
energy scan data comprises filtering said single energy image data to obtain filtered single energy image data, 
and selectively scaling said single energy image data. 
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A method for extracting single energy x-ray image data from dual energy x-ray image data, comprising: 

scanning a body region of a patient with a radiation source to obtain dual energy scan data; 
generating single energy image data from said dual energy scan data; 
filtering said single energy image data to obtain filtered single energy .mage data, and 
selectively scaling said single energy image data or said filtered s.ngle energy image data. 

The method according to claim 5 further comprising the steps of: 

storing said dual energy image data in a dual energy image record; and 
storing said single energy image data in a single energy image record. 

. A method comprising: 

positioning a patient on a patient table between an x-ray source and an x-ray detector; 

scanning a body region of the patient with said x-ray source and detector to obtain dual energy scan data. 

Generating dual energy image data from said dual energy scan data; 

seSefy scaling angering said single energy image data to obtain processed single energy .mage data, 

Selectively displaying said dual energy image data and said single energy image data so as tc . permit an 
operatortoswiteh between saiddual energy image data andsaidsingle energy image data to v,ew the scanned 
region of the patient. 

>. The method according to claim 7 further comprising the steps of: 

storing said dual energy image data in a dual energy image record; and 
storing said single energy image data in a single energy image record. 

3. A method of selecting a best scan mode for a x-ray bone densitometry scanning system according to a x-ray 
thickness of a patient, comprising the steps of: 

(a) selecting a fast mode as a default; 

(b) startinq a fast mode scan; 

(c) obtaining a measured thickness signal related to the x-ray thickness of the patient at an initial port.on of 

(^continuing the fast mode scan if the measured thickness signal conforms to a predetermined limit of the 

(efrsSrling w'ima slower mode scan if the measured thickness signal does not conform to the predetermined 
limit of the fast mode scan. 

10. The method according to claim 9 wherein the step (e) includes: 

displaying onldsplay of the x-ray bone densitometry scanning system a message of the available alternatives 

of continuing with the fast mode scan or restarting with a slower mode scan; 

reading an operator selection via a console of the x-ray bone densitometry scanning system; 

continuing the fast mode scan if the operator selection is to continue with the fast mode scan; and 

restarting with a slower mode scan if the operator selection is to restart with the slower mode scan. 

11. The method according to claim 9 wherein the x-ray bone densitometry scanning system is a DXA system, and 
step (c) includes: 

performing a calibration of the system by scanning a calibration phantom having a x-ray thickness T 0 ; 
receiving x-rays through the calibration phantom to derive a first signal; 

determining an attenuation value HiA of the first signal; 4ttie<slin 
receiving through the calibration phantom x-rays filtered through a predetermined thickness AT of soft tissue 
equivalent material to derive a second signal; 
determining an attenuation value HiT of the second signal; 
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receiving through the patient x-rays via a plurality of x-ray detectors to derive a respective plurality of signals 
during at least one scan line at an initial portion of the scan; 

determining a plurality of attenuation values for the respective plurality of signals received via the respective 
plurality of x-ray detectors; 

calculating a mean value AvgPatHiAir of the plurality of attenuation values for the respective plurality of signals, 
and 

calculating the thickness of the patient using the following formula, 

patient thickness = T 0 + AT*( AvgPatHiAir - HiA)/(HiT - Hi A). 

12 The method according to claim 11 wherein the first signal, the second signal and the plurality of signals received 
via the respective plurality of x-ray detectors are each derived from receiving higher energy x-rays in the DXA 
system. 

13 The method according to claim 11 wherein the first signal, the second signal, and the plurality of signals received 
via the respective plurality of x-ray detectors are each derived from a linear combination of higher energy x-rays 
and lower energy x-rays in the DXA system. 

20 14. A method of selecting a best scan mode for a x-ray bone densitometry scanning system according to a x-ray 
thickness of a patient, comprising the steps of: 

(a) selecting a fast mode as a default; 

(b) starting a fast mode scan; 

25 (c) determining a measured thickness signal related to the x-ray thickness of the patient at an initial portion 

of the scan" 

(d) continuing the fast mode scan if the measured x-ray thickness signal conforms to a predetermined limit of 
the fast mode scan; else 

(e) turning off x-rays; 

30 (f) displaying on a display of the x-ray bone densitometry scanning system a message of the available alter- 

natives of continuing with the fast mode scan or restarting with a slower mode scan; 

(g) reading an operator selection via a console of the x-ray bone densitometry scanning system; 

(h) continuing the fast mode scan if the operator selection is to continue with the fast mode scan; and 

(i) restarting with a slower mode scan if the operator selection is to restart with the slower mode scan. 

35 

15. The method according to claim 14 wherein the x-ray bone densitometry scanning system is a DXA system, and 
step (c) includes: 

performing a calibration of the system by scanning a calibration phantom having a x-ray thickness T G ; 
40 receiving x-rays through the calibration phantom to derive a first signal; 

determining an attenuation value HiA of the first signal; 

receiving through the calibration phantom x-rays filtered through a predetermined thickness AT of soft tissue 
equivalent material to derive a second signal; 
determining an attenuation value HiT of the second signal; 

receiving through the patient x-rays via a plurality of x-ray detectors to derive a respective plurality of signals 
during at least one scan line at an initial portion of the scan; 
determining a plurality of attenuation values for the respective plurality of signals received via the respective 
plurality of x-ray detectors; ....... i 

calculating a mean value AvgPatHiAir of the plurality of attenuation values for the respective plurality of signals; 

so and 

calculating the thickness of the patient using the following formula, 
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patient thickness = T 0 + AT*(AvgPatHiAir - HiA)/(HiT - HiA). 

16 The method according to claim 15 wherein the first signal, the second signal and the plurality of signals received 
via the respective plurality of x-ray detectors are each derived from receiving higher energy x-rays in the DXA 
system. 
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,7. The method according to Cairn 15 wherein the first signai, the second signal, and 

via the respective plurality of x-ray detectors are each derived from a linear combination ot higner gy y 
and lower energy x-rays in the DXA system, 
s 18. The method according to claim 14 wherein a scan speed of the fast mode scan is doub.e a speed of the slower 
mode scan. 

19. The method according to claim 1 4 wherein the predetermined limit of the fast mode scan is 1 3.5 inches, 
to 20 The method according to c.aim 1 5 wherein the thickness of the calibration phantom is approximately 7 inches. 

quarters of a scan width. 

22 Amethodofseiectingscanparametri^^ 

according to a x-ray thickness of the patient, comprising the steps of: 

(a) selecting a plurality of scan parametric values of a fast mode as a default; 
b startinq a fast mode scan having the plurality of selected scan parametric values; 
S determining a measured thickness signal related to the x-ray thickness of the patient at an ,mt.al portion 

?d) conSuing the fast mode scan if the measured x-ray thickness signal conforms to a predetermined limit of 
the fast mode scan; else 

Sdis^-^sp.ay of the x-ray bone densitometry scanning system a message of the available alter- 
natives of continuing with the fast mode scan or restarting with a slower mode scan, 
Z reading an operator selection via a console of the x-ray bone densitometry scannmg system, 
n ont uing the fast mode scan if the operator selection is to continue with the fast mode , scan, and 
^restarting with a slower mode scan if the operator selection is to restart wrth the slower mode scan. 

23. The. method according to claim 22 wherein the x-ray bone densitometry scanning system is a DXA system, and 
step (c) includes: 

performing a calibration of the system by scanning a calibration phantom having a x-ray thickness T e ; 
receiving x-rays through the calibration phantom to derive a first signal; 
determining an attenuation value HiA of the first signal; 

receiving through the calibration phantom x-rays filtered through a predeterm.ned thickness AT of soft tissue 
equivalent material to derive a second signal; 

determining an attenuation value HiT of the second signal; einna |e 
recelvTg through the patient x-rays via a plurality of x-ray detectors to denve a respective plurality of s.gnals 
Hurinn at Ipast one scan line at an initial portion of the scan; 

detSilg a pTuramy o, attenuation values for the respective p.ura.ity of signals received v,a the respective 
and 

calculating the thickness of the patient using the following formula, _ 

patient thickness = T 0 + AT*(AvgPatHiAir - HiA)/(HiT - HiA). 

so 

24 The method according to claim 23 wherein the first signal, the second signal and the plurality of signals received 
™a XtoTpSLe plurality o, x-ray detectors are each derived from receiving higher energy x-rays n the DXA 
system. 

55 25 The method according to claim 23 wherein the first signal, the second signal, and the plurality of signals received 
via the Sitive pS of x-ray detectors are each derrved from a linear combination of higher energy x-rays 
and lower energy x-rays in the DXA system. 
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